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PLASMA IN-SITU TREATMENT OF
CHEMICALLY AMPLIFIED RESIST

RELATED APPLICATIONS

This 1s a Divisional application of prior U.S. application
Ser. No. 10/426,043, entitled “PLASMA IN-SITU TREAT-

MENT OF CHEMICALLY AMPLIFIED RESIST”, filed on
Apr. 28, 2003 now U.S. Pat. No. 7,022,611, which 1s

incorporated herein by reference and from which priority
under 35 U.S.C. § 120 1s claimed.

BACKGROUND OF THE INVENTION

The present invention relates to photoresist patterning.
More particularly, the present invention relates to strength-
ening a photoresist pattern against damage.

Photolithography for patterming photoresist 1s widely used
in the production of semiconductor devices. Presently, 248
nm lithography, using a Krypton Fluoride (KrF) light source,
and higher wavelength lithography are very common. It 1s
desirable to perform photolithography with light of a wave-
length less than 248 nm to allow a reduction 1n the design
rules used to create smaller semiconductor devices. 193 nm
lithography using an Argon Fluoride (ArF) light source may
be used commercially obtain 0.1 um to 0.07 um sizes. Also,
157 nm lithography using a Fluorine (F,) light source may
also be used 1n the future.

Chemically amplified positive resists are a type of pho-
toresist that may be used. Amplified positive resists may
comprise a polymer with a functional group combined with
a separate photoacid generator molecule. Upon exposure to
a certain light, the photoacid generator may create a weak
acid, which diffuses through the polymer material. After the
exposure, photoresist material may be baked, which may
cause the acid to attack certain cleavable groups, which
deprotects those groups and leaves a carboxylic acid 1n their
place. The photoresist layer may then be developed by a
solvent 1n a wet bath, which binds to the carboxylic acid,
which makes polymers with carboxylic acid groups soluble
in the solvent while polymers without the carboxylic acid
groups are mnsoluble 1n the solvent.

For photoresist materials used for 248 nm and higher
wavelength lithography, cross-linking of the photoresist
polymer material 1s typically induced by exposure to deep
UV radiation. This method of cross-linking may not be
ellective for photoresist material used for 193 nm and lower
wavelength lithography, such as 157 nm and 45 nm, because
these materials are designed to only weakly absorb deep UV
radiation. Generally, 193 nm and lower wavelength lithog-
raphy photoresist material will require the absence of
double-bonded carbon and aromatic carbon groups in the
polymer. These functional groups have traditionally been
used as sites which can be activated to induce cross-linking
in photoresist, in some cases by exposure to deep UV
radiation, to improve etch and 1on implantation resistance. It
1s believed the absence of these functional groups 1n 193 nm
and lower wavelength photoresist matenals, reduces the
possibilities for cross-linking these polymers, for example
when exposed to deep UV radiation.

Current chemically amplified photoresist material devel-
oped for use with 193 nm and lower wavelength lithography
1s adversely aflected by plasma etching or ion implantation.
Exposure of a 193 nm or lower wavelength photoresist film
to an etch plasma may lead to a roughening of the film
surface and a resulting degradation of the pattern quality.
Striations 1n the walls of trenches and vias, an increase or
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decrease 1n critical dimensions, distortion of feature shapes,
and pinhole etching of dielectric beneath photoresist film
may be some of the undesirable outcomes of this degrada-
tion. The release of functional groups during plasma pro-
cessing may occur ifrom the bulk of the photoresist layer,
which may significantly modily the plasma and may aflect
the etch chemistry. The release of these functional groups
may also cause some of the above-described roughening of
the film. Photoresists designed for 193 nm and lower wave-
length lithography may also be etched at higher rates,
compared to established photoresist materials.

The 193 nm and lower wavelength lithography photore-
sist film may also be degraded during the 1on implantation
process, due to direct interaction of 1ons or heating of the
photoresist film. Typical high-throughput conditions for 1on
implantation result in significant wafer heating, which may
cause thermally induced reticulation or roughening of the
photoresist film and degradation of the photoresist pattern
quality. Degradation of the photoresist pattern quality during
implantation can lead to several undesirable outcomes,
including poor CD (critical dimension) control of the
implanted region, reduction in the absolute dosage, and
modification of the 1on depth profile.

To obtain desired critical dimensions, such resist thick-
nesses may be kept in the range of 0.3 to 0.5 microns. The
use of such thicknesses may require improved etch selec-
tivity over what current technology commonly provides.

In view of the foregoing, 1t 1s desirable to provide a
photoresist film for 193 nm and lower wavelength lithog-
raphy that 1s more resistant to damage caused by plasma
ctching and 10n 1mplantation, 1s less susceptible to shrink-
age, and 1s etched at a reduced rate to provide improved etch
selectivity.

SUMMARY OF THE INVENTION

To achieve the foregoing and i1n accordance with the
purpose ol the present ivention a method for creating
semiconductor devices by etching a layer over a waler 1s
provided. A photoresist layer 1s provided on a water. The
photoresist layer i1s patterned. The waler 1s placed i a
process chamber. The photoresist 1s hardened by providing
a hardening plasma contaiming high energy electrons in the
process chamber to harden the photoresist layer, wherein the
high energy electrons have a density. The layer 1s etched
within the process chamber with an etching plasma, where
a density of high energy electrons 1n the etching plasma 1s
less than the density of high energy electrons 1n the hard-
ening plasma.

In another embodiment of the invention, an apparatus for
hardening a photoresist layer over a wafer 1s provided. A
process chamber 1s provided. A water support, for support-
ing the water 1n the process chamber and grounding the
waler 1s provided. An electrode 1s spaced opposite the water.
A first frequency RF power source 1s connected so as to
power the electrode. A hardening gas source 1s provided.

In another embodiment of the invention, an apparatus for
creating semiconductor devices 1s provided. A process
chamber 1s provided. A hardeming gas source 1s provided. An
ctching gas source 1s provided. A controller 1s controllably
connected to the hardening has source and the etching gas
source, comprising computer readable media, comprising
computer instructions for hardening the photoresist by pro-
viding a hardening plasma containing high energy electrons
in the process chamber to harden the photoresist layer,
wherein the high energy electrons have a density; and
computer instructions for etching the wafer within the
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process chamber with an etching plasma, where a density of
high energy electrons 1n the etching plasma 1s less than the
density of high energy electrons in the hardening plasma.
These and other features of the present invention will be
described in more detail below 1n the detailed description of
the invention and in conjunction with the following figures.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention 1s illustrated by way of example,
and not by way of limitation, in the figures of the accom-
panying drawings and in which like reference numerals refer
to similar elements and 1n which:

FIG. 1 1s a flow chart of an mventive process.

FIGS. 2 A-C are cross-sectional views of stacks being
ctched by the inventive process

FIG. 3 1s a schematic view of a processing chamber that
may be used 1n an embodiment of the invention.

FIG. 4 1s a flow chart of a preferred embodiment of the
plasma hardening step.

FIG. 5 1s a flow chart of a preferred embodiment of the
ctching step.

FIG. 6 1s a schematic view of another processing chamber
that may be used 1n another embodiment of the invention.

FI1G. 7 1s a schematic view of another processing chamber
that may be used 1n another embodiment of the invention.

FIG. 8 1s a schematic view of another processing chamber
that may be used 1n another embodiment of the invention.

FIGS. 9A and 9B illustrate a computer system, which
forms part of the network, and 1s suitable for providing a
controller system.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

(L]

The present invention will now be described 1n detail with
reference to a few preferred embodiments thereotf as 1llus-
trated 1n the accompanying drawings. In the following
description, numerous specific details are set forth in order
to provide a thorough understanding of the present inven-
tion. It will be apparent, however, to one skilled 1n the art,
that the present invention may be practiced without some or
all of these specific details. In other instances, well known
process steps and/or structures have not been described in
detall 1 order to not unnecessarily obscure the present
invention.

To facilitate understanding, FIG. 1 1s a flow chart of a
process used 1n an embodiment of the mvention. A photo-
resist layer 1s deposited on a water (step 104). FIG. 2A 15 a
cross-sectional view of a stack 200 that may be processed by
the invention. The stack 200 may comprise a water 204 on
which one or more layers 208 may be placed. The water 1s
a substrate which may have additional layers used in the
manufacture of semiconductor devices, such as integrated
circuits and flat panel displays. An antireflective coating
212, may be placed over the one or more layers 208. A
photoresist layer 216 may be placed over the antireflective
coating 212. Preferably, the photoresist layer 216 1s of a
photoresist material designed for use with light of a wave-
length less than 248 nm, such as 193 nm or 157 nm. The
copolymer of 2-methyl-2-adamantyl-methacrylate with
mevalonic  lactone  methacrylate  (poly(MAdMA-co-
MLMA)), 1s an example of a class of photoresist materials
based upon derivatives of poly(methyl methacrylate)
PMMA which may be used as chemically amplified 193 nm
positive resist when combined with an appropriate photoacid
generator. This photoresist 1s disclosed 1n: “CD Changes Of
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193 nm Resists During SEM Measurement™ Takanori Kudo,
Jun-Bom Bae, Ralph R. Dammel, Woo-Kyu Kim, Douglas
McKenzie, M. Dalil Rahuman, Munirathna Padmanaban,
and Waiman Ng 1n Advances i Resist Technology and
Processing XVIII, Proceedings SPIE Vol. 4345, ppl179-189
(2001). The photoresist layer 1s then patterned (step 108)
using photolithography. Photolithography uses the steps of
exposing the photoresist layer to a light, which for this
embodiment has a wavelength of 193 nm, which may be
produced by an Argon Fluornide (ArF) light source, such as
a laser or flashlamp, where a light pattern creates regions
that are exposed to the light and regions that are not exposed
to the light. The photoresist film 1s baked to promote the
deprotection reaction, and then developed. Since in this
example the photoresist film 1s poly(MAdMA-co-MLMA),
the regions exposed by the light are removed during devel-
oping. Such developing may use a solvent wet bath to
remove the photoresist in the areas exposed by the light.
FIG. 2B 1s a cross-sectional view of the water 204 after the
photoresist layer 216 has been patterned to form a photore-
s1st mask. In this example, an aperture 220 has been formed
in the photoresist layer 216.

The water may then be placed 1n an etch chamber (step
112). The resulting patterned photoresist 1s then subjected to
a plasma hardening (step 116). FIG. 4 1s a flow chart of a
preferred embodiment of the plasma hardening step. A
hardening gas 1s provided to the process chamber (step 404).
Preferably, the hardening gas 1s able to provide a non-
cetching plasma with a suthciently high population and
density of high energy electrons to provide plasma harden-
ing within a reasonable time period. A plasma 1s generated
from the hardeming gas (step 408). This results 1n a hard-
ening of the photoresist layer (step 412). The flow of the
hardening gas 1s terminated (step 416), which terminates the
hardening step. In the preferred embodiment, the hardening
plasma provides a population and density of high energy
clectrons with energies above 400 eV and with a density
suflicient to provide a charge dose of about 1,000 mC/cm
over a commercially practical length of time, such as per-
haps 1 to 2 minutes. More preferably the high energy
clectrons have energies above 450 eV. Most preferably, the
high energy electrons have energies between about 500-4,
000 eV. Preferably, the density of the high energy electrons
is greater than 108 electrons/cm”. More preferably, the
density of the high energy electrons is greater than 107
electrons/cm”. Most preferably, the density of the high
energy electrons is greater than 10'° electrons/cm’®. The
hardening step hardens the photoresist to make the photo-
resist more resistant to etching to improve etch selectivity.
An etch 1s then performed to etch away at least part of the
layer 208 using an etch plasma with a lower population and
density of high energy electrons than the hardening plasma
(step 120). A lower population and density of high energy
clectrons 1s desired for the etching, since high energy
clectrons may cause damage to devices exposed during the
etching. FIG. 5 1s a flow chart of a preferred embodiment of
the etching step. An etching gas 1s provided to the process
chamber (step 504). A plasma 1s generated from the etching
gas (step 508). The etching gas performs the etching of the
layer (step 512). The tlow of the etching gas 1s terminated
(step 516) to stop the etch. FIG. 2C 1s a cross sectional view
of the layer 208 on the water 204, after a 230 trenched has
been etched in the layer 208. In the preferred embodiment,
the etching plasma has a population and density of electrons
with voltages above 500 volts suflicient to provide a charge
doses of less than 900 mC/cm®. When the definition of high

energy electrons for the etching uses the same criteria for
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defining high energy electrons for the hardening, 1n a
preferred embodiment the density of high energy electrons
during the plasma etching is less than 10° electrons/cm’.
More preferably, the density of high energy electrons during
the plasma etching is less than 10’ electrons/cm”. Most
preferably, the density of high energy electrons during the
plasma etching is less than 10° electrons/cm”.

To obtain a hardening plasma with a high population of
high energy electrons, one of two preferred embodiments
may be used. The two preferred embodiments are as follows:

High Density Source Embodiment

In this embodiment a “high density” plasma 1s used for
hardening the resist. Such plasmas typically operate with
electron densities of about 10** electrons/cm”. Inductive
coupling of the RF (radio frequency) to the plasma 1s a
common method for producing such plasmas. However,
helicon, microwave and other discharges are also well
known to be able to achieve this regime. The Electron
Energy Distribution function for this system 1s given by
Equation 1.

ON, Tf—?’fz Equation 1

Vr

EEDF(E, T,. N,) = {

For a RF driven plasma, 1t 1s well known that there 1s a
brief moment during a RF cycle during which the sheath
collapses and electrons are transferred. This interval could
be as much as %4 of an RF period. It 1s assumed that only
those electrons above 500 volts contribute to curing the
resist. One can then write an expression for the current
density of electrons above 500 volts delivered by a high-
density tool as Equation 2:

Equation 2
fﬂ EEDF(E.T.. N)AE AHALOn
500

JE’(TES Ne) — E?ENE o
fﬂ EEDF(E, T,, N)AE

Where ¢ 1s the charge of an electron, T, 1s the electron
temperature and V _ 1s the average electron thermal velocity.
For the sake of simplicity, we approximate the average
clectron thermal velocity with the electron thermal velocity
at 500 eV. The length of time (1n seconds) needed to deliver
a charge dose of 1000 uC/cm? can be calculated by use of
Equation 3:

0.001
JE(TE'J NE)

Equation 3

Doseltme =

In the case of a 4 eV plasma operating at a density of 10"~
electrons/cm”, the current density delivered is estimated to
be 2.2x107'° Amperes/cm?. In this case, 54 days of exposure
time would be needed to deliver a charge dose of 1000
uC/cm”. This is clearly not practical. However, a population
of electrons with a temperature of 30 eV and density of
3x10 electrons/cm” would give 1.7x10™> Amperes/cm”,
thus requiring only about 60 seconds of exposure time to
deliver a charge dose of 1000 nC/cm”. This can also be
achieved using a sub-population of a 4 eV plasma operating
at density of 10"* electrons/cm”. These sub-populations are
often referred to as “hot electron tail” or “hot electron™
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populations 1n the electron energy distribution. In the pre-
ferred embodiment, a hot electron tail 1s a sub population of
a population of electrons that exhibit an electron temperature
significantly above the temperature of the bulk of the
clectrons. In practice this hot electron population will have
temperatures greater than 10 €V but comprise less than 1%
of the total electron population. Since such energies repre-
sent the extreme high end, or tail, of the electron energy
distribution function 1t 1s common to refer to them as hot tail
clectrons and the distribution 1s said to have a “hot electron
tail”. In a more preferred embodiment of the mmvention the
hot electron tail 1s defined by an electron tail population of
1% of the electrons having an energy greater than 15 eV. In
a most preferred embodiment of the invention the hot
clectron tail 1s defined by an electron tail of 1% of the
clectrons having an energy greater than 30 eV. For all of the
above percentages, a plasma density of at least 10'* elec-
trons/cm” is assumed. Without wishing to be bound by
theory, 1t 1s believed that subjecting the photoresist to a
plasma with a hot electron tail causes the photoresist to be
cross linked or chemically modified to provide a hardened
resist.

The existence of hot electron populations 1 ICP, Helicon,
Microwave or other high-density plasma sources are well
known. Of these sources, Microwave sources are particu-
larly likely to exhibit hot electron populations.

Preferably, the chamber volume 1s minimized as much as
possible, since electron temperature generally rises as pro-
cess chamber volume shrinks. Preferably low pressures are
used. The pressure 1s preferably lower than 10 mT, since
lower pressures provide higher electron temperatures.

Preferably the hardening gas i1s a carrier gas with a high
ionization potential. Argon, which 1s a common carrier gas
has a first 1omization potential of 15.739 eV. This gas 1s
commonly used as a carrier gas for commercial etch appli-
cations. Therefore helium, with a first 1oni1zation potential of
24.587 eV, 1s a preferred carrier gas for the hardening gas
over argon. Helium 1s not commonly used as a carrier gas for
commercial etch applications. Argon may be used for the
carrier gas for the etching gas, to provided lower energy
clectrons during the etch.

FIG. 3 1s a schematic view ol a plasma processing
chamber 300 that may be used in a preferred embodiment of
the invention. The plasma processing chamber 300 com-
prises a substrate support 302, a microwave power source
304, a magnetic field source 306, a window 308, a gas source
310, and an exhaust pump 320. The gas source 310 com-
prises a hardening gas source and an etching gas source. The
gas source 310 may comprise additional gas sources, such as
a photoresist stripping gas source. Within plasma processing
chamber 300, a water 1s placed on the substrate support 302.
(as 1s supplied to the confined plasma volume by gas source
310 and 1s exhausted from the confined plasma volume by
the exhaust pump 320. The microwave power source 304 1s
used to provide microwave power to the gas, which 1s used
to provide higher populations of high energy electrons.
Chamber walls 352 surround the plasma processing chamber
300.

FIG. 6 1s a schematic view of a plasma processing
chamber 600 that may be used in another embodiment of the
invention. The plasma processing chamber 600 comprises
confinement rings 602, an upper electrode 604, a lower
clectrode 608, a gas source 610, and an exhaust pump 620.
The gas source 610 comprises a hardening gas source 612
and an etching gas source 616. The hardening gas source 612
may provide hellum. The etching gas source 616 may
provide a carrier gas, such as argon, and an active etchant
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gas. The gas source 610 may comprise additional gas
sources, such as a photoresist stripping gas source. Within
plasma processing chamber 600, the water 680 1s positioned
upon the lower electrode 608. The lower electrode 608
incorporates a suitable substrate chucking mechanism (e.g.,
clectrostatic, mechanical clamping, or the like) for holding
the waler 680. The reactor top 628 incorporates the upper
clectrode 604 disposed immediately opposite the lower
clectrode 608. The upper electrode 604, lower electrode 608,
and confinement rings 602 define the confined plasma
volume. Gas 1s supplied to the confined plasma volume by
gas source 610 and 1s exhausted from the confined plasma
volume through the confinement rings 602 and an exhaust
port by the exhaust pump 620. A first RF source 644 1s
clectrically connected to the upper electrode 604. A second
RF source 648 1s electrically connected to the lower elec-
trode 608. Chamber walls 652 surround the confinement
rings 602, the upper electrode 604, and the lower electrode
608. Both the first RF source 644 and the second RF source
648 may comprise a 27 MHz power source and a 2 MHz
power source. In the alternative, the upper electrode 604
may be grounded. Diflerent combinations of connecting RF
power to the electrode are possible. In the case of Exelan-HP
made by LAM Research Corporation™ of Fremont, Calif.,
that may be used 1n a preferred embodiment of the invention,
both the RF sources are connected to the lower electrode,
and the upper electrode 1s grounded. A controller 900 may
be controllably connected to the gas source 610, the first and
second RF power sources 644, 648, the confinement rings
602, and the exhaust pump 620, to control the separate
hardening and etch steps.

The upper electrode 604 may be segmented to provide an
iner upper electrode 605 and an outer upper electrode 607.
The mner and outer upper electrodes may be powered 1n
various configurations to alternately facilitate hardening and
then to facilitate etching, by decreasing and then increasing
the size of the upper electrode.

FIG. 7 1s a schematic view of a reaction chamber 700,
used for another embodiment of the invention. The reaction
chamber 1n a preferred embodiment of the invention 1s a
helicon etching system. The reaction chamber 700 com-
prises a chamber wall 704 and a top 708 defining a cavity
712. A waler support 728 supports a water 732 with a
patterned photoresist layer 736 within the cavity. A vacuum
pump 756 1s also coupled to the cavity 712 through a
pressure control valve 760. A quartz bell jar 716 1s located
at the top of the chamber 700. A double loop antenna 720
surrounds an upper part of the quartz bell jar 716. The bell
jar 716 and antenna 720 are surrounded by a set of coplanar
clectromagnet coils 724, which are used to provide a diverg-
ing axial magnetic field, which 1s largest 1n the bell jar region
and decreases rapidly as the water 1s approached. Such a
magnetic field strength may be from about 50 Gauss to 150
Gauss. Permanent magnets 740 along the chamber wall 704
may be used to provide a multipole magnetic bucket
arrangement. An example of such a helicon 1s a M@AIRE™
helicon source from Trikon Technologies, Inc., of the United
Kingdom, which 1s described 1n the article “Characterization
Of An Azimuthally Symmetric Helicon Wave High Density
Plasma Source,” by G. R. Tynan et al., published in the

Journal of Vacuum Science & Technology A, 15(6), 1n
November/December 1997, at pages 2885-2892 and 1n U.S.

Pat. No. 5,421,891 to Campbell et al., 1ssued Jun. 6, 1995,
entitled “High Density Plasma Deposition And FEtching
Apparatus,” which are incorporated by reference for all
purposes.
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In an alternative embodiment, an inductively coupled
etching device may be used.

Accelerated Secondary Electrons Embodiment

In this embodiment one attempts to exploit the observa-
tion that common capacitively driven process plasmas typi-
cally result 1n 1on bombardment of electrode surfaces. This
bombardment can result in the production of secondary
clectrons. These electrons will tend to be accelerated back
into the plasma to a voltage equal to the diflerence between
the plasma potential and the potential of the electrode
surface. The 1dea 1s to ground the wafer by placing the water
on an electrode at ground potential. Then RF power 1is
applied to an electrode above the wafer using a power
regime where significant secondary electron production 1s
expected. If the electrode spacing 1s less than an electron-
neutral collision length, then one may expect this current of
accelerated electrons to reach the water. Capacitive coupling
of RF power to plasma can often result in large sheath
voltages. Such a system could be designed to provide
clectrons with energies greater than 500 eV and thus accel-
crated secondary electrons with voltages greater that 500 eV.
Short gap spacing and low pressures could be employed to
insure that these accelerated electrons sufler few collisions
before impacting the photoresist material to be cured.

The secondary electron emission coetlicient v_, depends
on the target material, the impacting 1on surface conditions,
surface morphology and impurities. It 1s known that helium
ions at energies as high as 100 eV impacting on S1(100) can
produce a comparatively high v__ of 0.168 (most other vy_,
values are below 0.03). Additional candidate materials and
impact 10ns are given i below using previously known data.

TABLE 1
Solid Ion Energy (V) Yee
S1 (100) He™ 100 0.168
Ni (111) He™ 100 0.170
W He* 100 0.263
Mo He* 100 0.274

FIG. 8 1s a schematic view of a processing chamber 800
that may be used 1n this embodiment of the invention for
creating high energy secondary electrons 1n a plasma for
hardening the photoresist. The plasma processing chamber
800 comprises confinement rings 802, an upper electrode
804, a lower electrode 808, a gas source 810, and an exhaust
pump 820. The gas source 810 comprises a hardenming gas
source 812. The hardening gas source 812 may provide
helium. Within plasma processing chamber 800, the water
880 1s positioned upon the lower electrode 808. The reactor
top 828 incorporates the upper electrode 804 disposed
immediately opposite the lower electrode 808. The upper
clectrode 804, lower electrode 808, and confinement rings
802 define the confined plasma volume. Gas 1s supplied to
the confined plasma volume by gas source 810 and 1s
exhausted from the confined plasma volume through the
confinement rings 802 and an exhaust port by the exhaust
pump 820. A high frequency RF source 844 and a low
frequency RF source 848 are electrically connected to the
upper electrode 804. The lower electrode 808 1s grounded.
Chamber walls 852 surround the confinement rings 802, the
upper electrode 804, and the lower electrode 808. The high
frequency RF source 844 may comprise a 27 MHz power
source. The low frequency RF source 848 may comprise a
2 MHz power source. Diflerent combinations of connecting
RF power to the electrode are possible. Preferably the high
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frequency RF source has a frequency that 1s greater than ten
times the frequency of the low frequency RF power source.

Preferably the hardening gas 1s a carrier gas which 1s
known to favor secondary electron emission upon collision
with an electrode surface made of a given material type. In
the literature, He 1s often reported to provide a higher
secondary electron emission than Ar for a given electrode
material. Therefore helium, with an ionization potential of
24 .587 eV, 1s a preferred carrier gas for the hardening gas
over argon. Argon may be used for the carrier gas for the
ctching gas, to provided lower energy electrons during the
ctch. It 1s believed that elements with lower atomic mass
provide higher secondary electron emission.

Preferably, the upper electrode 1s formed from silicon,
nickel, tungsten or molybdenum, since these materials pro-
vide high energy secondary electrons emission coetlicients.
Preferably the chuck supports the water so that the upper
clectrode 1s spaced opposite the waler by a separation
distance of between 100 and 0.5 cm. More preferably, the
upper electrode and waler are spaced by a separation dis-
tance of between 1 and 10.0 cm. Most preferably, the upper
clectrode and water are spaced apart by a separation distance
of 1 and 3 cm.

In operation, for photoresist hardening, a hardening gas
such as helium 1s provided by the hardening gas source 812.
A plasma 1s generated using the high frequency power
source 844 to capacitively couple with the plasma. The low
frequency power source provides a bias to the upper elec-
trode 804, which accelerates 1ons in the plasma to the upper
clectrode 804. The lower electrode, upon which the water 1s
mounted has an area larger than the upper electrode. The
preferable ratio 1s a upper to lower electrode area ratio of
less than or equal to 1. It 1s preferred that this ratio 1s not
appreciably less than one as eventually such a reduction will
impact the uniformity of the high energy electrons over the
surface of the wafer. The 10ons collide with the upper elec-
trode to generate secondary electrons. These secondary
clectrons are then accelerated back through the sheath
between the upper electrode and the plasma to make them
high energy secondary electrons, which are accelerated
away irom the upper electrode to the substrate 880. This
acceleration potential 1s roughly equal to the plasma poten-
tial minus the potential found at the powered upper elec-
trode. Because the electrode on which the water resides has
a larger area, the potential across the sheath over the wafer
will be smaller. For area ratios, upper electrode area to lower
clectrode area (or waler area) less than 3:4 (and more
preferably 1:2) are reasonable to neglect the potential of the
sheath facing the wafer on the grounded and unpowered
clectrode. The material forming the upper electrode criti-
cally determines the amount of secondary electrons pro-
duced. It 1s therefore desirable to select a material known to
have a high secondary emission coeflicient. The high-energy
secondary electrons provide photoresist hardening.
Although the confinement rings 802 are useful for providing,
pressure control, other embodiments may not have such
confinement rings and may decrease the spacing between the
upper electrode and photoresist layer. The etching may be
carried out in the same chamber or 1n a different chamber. In
other embodiments, a single RF power source may be used
to both energize the plasma and bias the upper electrode to
attract 1ons.

FIGS. 9A and 9B illustrate a computer system 900, which
1s suitable for implementing a controller used in embodi-
ments of the present invention. FI1G. 9A shows one possible
physical form of the computer system. Of course, the
computer system may have many physical forms ranging

5

10

15

20

25

30

35

40

45

50

55

60

65

10

from an integrated circuit, a printed circuit board, and a
small handheld device up to a huge super computer. Com-
puter system 900 includes a monitor 902, a display 904, a
housing 906, a disk drive 908, a keyboard 910, and a mouse
912. Disk 914 1s a computer-readable medium used to
transier data to and from computer system 900.

FIG. 9B 1s an example of a block diagram for computer
system 900. Attached to system bus 920 are a wide variety
ol subsystems. Processor(s) 922 (also referred to as central
processing units, or CPUs) are coupled to storage devices,
including memory 924. Memory 924 includes random
access memory (RAM) and read-only memory (ROM). As
1s well known 1n the art, ROM acts to transfer data and
instructions uni-directionally to the CPU and RAM 1s used
typically to transfer data and instructions 1n a bi-directional
manner. Both of these types of memories may include any
suitable of the computer-readable media described below. A
fixed disk 926 1s also coupled bi-directionally to CPU 922;
it provides additional data storage capacity and may also
include any of the computer-readable media described
below. Fixed disk 926 may be used to store programs, data,
and the like and 1s typically a secondary storage medium
(such as a hard disk) that i1s slower than primary storage. It
will be appreciated that the information retained within fixed
disk 926 may, in appropriate cases, be incorporated 1n
standard fashion as virtual memory in memory 924. Remov-
able disk 914 may take the form of any of the computer-
readable media described below.

CPU 922 1s also coupled to a variety of input/output
devices, such as display 904, keyboard 910, mouse 912 and
speakers 930. In general, an input/output device may be any
of: video displays, track balls, mice, keyboards, micro-
phones, touch-sensitive displays, transducer card readers,
magnetic or paper tape readers, tablets, styluses, voice or
handwriting recognizers, biometrics readers, or other com-
puters. CPU 922 optionally may be coupled to another
computer or telecommunications network using network
interface 940. With such a network interface, it 1s contem-
plated that the CPU might receive mnformation from the
network, or might output information to the network in the
course of performing the above-described method steps.
Furthermore, method embodiments of the present invention
may execute solely upon CPU 922 or may execute over a
network such as the Internet in conjunction with a remote
CPU that shares a portion of the processing.

In addition, embodiments of the present invention further
relate to computer storage products with a computer-read-
able medium that have computer code thereon for perform-
ing various computer-implemented operations. The media
and computer code may be those specially designed and
constructed for the purposes of the present invention, or they
may be of the kind well known and available to those having
skill in the computer software arts. Examples of computer-
readable media include, but are not limited to: magnetic
media such as hard disks, floppy disks, and magnetic tape;
optical media such as CD-ROMSs and holographic devices;
magneto-optical media such as floptical disks; and hardware
devices that are specially configured to store and execute
program code, such as application-specific integrated cir-
cuits (ASICs), programmable logic devices (PLDs) and
ROM and RAM devices. Examples of computer code
include machine code, such as produced by a compiler, and
files containing higher level code that are executed by a
computer using an interpreter. Computer readable media
may also be computer code transmitted by a computer data
signal embodied in a carrier wave and representing a
sequence of instructions that are executable by a processor.
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Any photoresist material may be used to produce the
patterned photoresist layer that 1s to be cross-linked. Pref-
crably, the photoresist material 1s photoresist material that 1s
exposed by light that has a wavelength of less than 248 nm.
Most preferably, the photoresist material 1s a photoresist

material that 1s exposed by light that has a wavelength no
greater than 193 nm, such as poly(MAdMA-co-MLMA) or

another PMMA-based polymer.

The mvention provides plasma hardening and plasma
cetching 1n a single process chamber. This allows for a
smaller processing foot print and faster through put.

In a preferred embodiment of the mmvention the plasma
hardening step 1s done prior to the etching step 1n a sequen-
t1al manner. In such an embodiment the plasma hardening
step 1s completed and terminated belfore the etching step 1s
begun. In another embodiment of the invention, the plasma
hardening step and the etching step are done 1n an alternating
fashion for a plurality of cycles. In another embodiment of
the mnvention, the plasma hardening step may be done
simultaneously with the etching step.

EXAMPLES

An example of this process for a 193 nm photoresist 1s
provided using the high density plasma embodiment. In this
example, a photoresist layer of 500 nm thickness 1s depos-
ited over a substrate (step 104). The 500 nm thick photoresist
layer may be patterned to form {features with a critical
dimension of 90 nm (step 108). The water 1s then placed 1n
an etch chamber (step 112). In this example, the etch
chamber was an Exelan HP with a single zone electrostatic
chuck. In this example, the etch chamber 1s an inductively
coupled plasma chamber. A hardening gas of 100 sccm of
helium was provided to the etch chamber (step 404). Pres-
sure was maintained at about 5 mT. 3 kW of rf power was
applied to TCP coils to generate a plasma from the hardening
gas (step 408). A zero bias power was provided. An elec-
trostatic chuck temperature of about 20° C. was maintained,
to keep the water at about 20° C. The photoresist was
exposed to the hardening plasma for about 500 seconds to
complete the resist hardening (step 412). The flow of the
hardening gas was then stopped (step 416). It 1s believed that
the above example creates 0.5 keV to 4 keV electrons that
penetrate and harden the photoresist to a depth of about 150
to 250 nm. Etching with a plasma with a lower energy
clectron tail may then be used to provide selective etching
with reduced photoresist etching and damage (step 120)
using an active etchant gas. An example of an etch recipe
would use a pressure of 55 m'T, with 800 W at 27 MHz, 1400
W at 2 MHz, with an electrostatic chuck temperature of —15°
C., and an etchant gas flow of 100 sccm argon, 200 sccm
carbon monoxide, 20 sccm C, F,, sccm O,, and 15 sccm
CHF, for 15 seconds. The above plasma hardening step
provided a hardened photoresist which exhibited greater
etch resistance.

While this ivention has been described in terms of
several preferred embodiments, there are alterations, per-
mutations, and various substitute equivalents, which {fall
within the scope of this invention. It should also be noted
that there are many alternative ways ol implementing the
methods and apparatuses of the present mvention. It 1s
therefore intended that the following appended claims be
interpreted as including all such alterations, permutations,
and various substitute equivalents as fall within the true
spirit and scope of the present mnvention.
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What 1s claimed 1s:

1. An apparatus for creating semiconductor devices by
ctching a layer over a waler, comprising:

a process chamber;
a hardening gas source;
an etching gas source; and

a controller controllably connected to the hardeming gas
source and the etching gas source, comprising com-
puter readable media, comprising;:

computer 1structions for hardening the photoresist by
providing a hardening plasma containing high
energy electrons 1n the process chamber to harden
the photoresist layer, wherein the high energy elec-
trons have a density, wherein the high energy elec-
trons have an energy greater than 450 eV, wherein
the density of the high energy electrons in the
hardening plasma is greater than 10° electrons/cm®;
and

computer instructions for etching the water within the
process chamber with an etching plasma, where a
density of high energy electrons in the etching
plasma 1s less than the density of high energy elec-
trons 1n the hardening plasma,

wherein the computer instructions for hardening the
photoresist comprises:

computer 1structions for accelerating 1ons from the
hardening plasma to an electrode to generate sec-
ondary electrons;

computer instructions for accelerating the secondary
clectrons back through a plasma sheath to the
walfer:

computer instructions for exposing the photoresist to
the accelerated secondary electrons; and

computer instructions for terminating the hardening
the photoresist prior to etching the wafer.

2. The apparatus, as recited i claam 1, wheremn the
clectrode 1s formed by a material selected from the group
consisting of nickel, tungsten, and molybdenum.

3. The apparatus, as recited in claim 1, wherein the
clectrode 1s formed by a material of nickel.

4. The apparatus, as recited in claim 1, wherein the
clectrode 1s formed by a material of tungsten.

5. The apparatus, as recited i claam 1, wheremn the
clectrode 1s formed by a material of molybdenum.

6. The apparatus, as recited 1n claim 1, wherein the
electrode has a diameter and the wafer has a diameter,
wherein the electrode has a smaller diameter than the water.

7. The apparatus, as recited 1n claim 6, further comprising
a waler support, for supporting the water in the process
chamber, wherein the water support 1s spaced apart {from the
clectrode, so that the electrode 1s separated from the watfer
by a distance of between 0.5 and 100 cm, and wherein the
hardening gas source comprises a helium gas source.

8. The apparatus, as recited 1n claim 1, further comprising,
a first frequency RF power source connected so as to power
the electrode.

9. The apparatus, as recited 1n claim 8, further comprising,
a second frequency RF power source electrically connected
to the electrode, wherein the first frequency 1s at least ten
times greater than the second frequency.
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